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Abstract

To tackle the challenge of localization failure due to traveling wave dispersion during a mid-
line fault in a long high-voltage cable, this study conducts an in-depth analysis of the refrac-
tion characteristics of the cumulative three-phase sheath currents at cross commutation
points and direct grounding points, facilitated by detailed theoretical derivation. We intro-
duce the novel concept of a ‘first traveling wave attenuation index,” which quantifies the
peak of the initial faulted traveling wave. We strategically place distributed traveling wave
detection devices solely in the first direct grounding box of each cross-interconnected main
section, effectively segmenting the line into five distinct zones. These zones are identified
based on the unique transient polarities exhibited by the first traveling wave of fault current
at each impedance mismatch point along the cable. To overcome the issue of weak travel-
ing wave signals collected at the first end measurement point, we propose an innovative
peak detection method for the first wave. This method harnesses the power of empirical
wavelet transform (EWT) and multi-resolution singular value decomposition (MRSVD), pro-
viding a significant boost in ranging accuracy compared to traditional wavelet methods. Sim-
ulation results validate the efficacy of our proposed fault location method, which accurately
pinpoints the fault section by contrasting the polarity of the first wave peak of the sheath cur-
rent detected at each measurement point. Notably, our method ensures safety and conve-
nience as the equipment does not require direct contact with high voltage.

Introduction

High-voltage cable transmission lines are among the most failure-prone equipment in power
systems. Swift and accurate fault localization not only prevents the escalation of power grid
accidents but also significantly contributes to reliable and stable power operations, as well as
economic efficiency [1, 2].

Traditional high-voltage cable fault location methods are confined to terminal access gas-
insulated switch rooms, with fault information uploaded to the substation terminal for central-
ized analysis and subsequent fault localization [3-5]. However, compared with overhead lines,
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cable lines exhibit a higher attenuation coefficient for the high-frequency component of fault
transient traveling waves. The traveling wave captured by the acquisition terminal at the sta-
tion end may be a composite of multiple reflected and refracted waves, thereby affecting locali-
zation accuracy. While high-voltage cable fault localization based on the traveling wave
reflection method proves effective for short-distance cable lines, it is less effective for longer-
distance cables. This method also presents issues such as secondary damage to the cable and
operational complexity [6]. Although artificial intelligence-based fault segment localization
methods offer considerable advantages in data processing and feature recognition, they are
susceptible to traveling wave dispersion and failure due to actual line conditions [7].

Li [8] divided a complete cross-linked main section into three equal-length segments, and
based on the monotonic change rule between the fault point position of different segments
and the phase difference of the power frequency sheath current at both ends of the fault sec-
tion, the cable fault location was performed. However, this method requires complete line
parameters on the one hand, and on the other hand, it is easily affected by the fault resistance,
which leads to a decrease in the phase difference of the fault current monitored at both ends of
the fault section, resulting in missed fault detection. Yin et al. [9] optimized the online ranging
signal of the traveling wave method based on Dr. Li Mingzhen’s research, and used the sum of
the sheath currents monitored in each direct grounding box and cross-bonding box to con-
struct a high-dimensional sheath current matrix. The dimensionality reduction algorithm and
unsupervised learning algorithm can automatically identify the fault section, but this method
is greatly affected by the cable load rate, especially when the fault is located in the middle of the
cross-linked main section. In addition, this method requires the installation of multiple sets of
sheath current monitoring devices, which greatly increases the cost. Zhou et al. [10] proposed
a distributed fault location matrix algorithm based on traveling wave time difference informa-
tion. This method can locate the fault section and fault point at the same time, but this method
also has the problem of installing too many distributed monitoring devices, and if the fault
occurs near the monitoring point, the method may not recognize the first traveling wave of the
fault and fail.

The traveling wave method is an online localization approach that identifies the time-
domain signals of one or more fault waves at the detection point through feature detection and
fault identification [11]. In recent years, numerous scholars have employed techniques such as
wavelet transform, empirical modal decomposition, and Hilbert-Huang Transform to address
fault location issues [12—-15]. These methods can automatically determine the fault location
based on the fault traveling wave signal recorded by the fault location terminal, thereby reduc-
ing manual effort. However, the use of wavelet transform requires selecting the optimal wave-
let basis function and scale component for localization according to the cable characteristics.
This lack of adaptability of wavelet transform presents considerable limitations to the auto-
matic localization of cable systems.

In response, this paper examines the refraction characteristics of the sum of three-phase
sheath currents at transposition and grounding points, defining the first traveling wave attenu-
ation index. Non-contact high-frequency current sensors are added only at each cross-inter-
connection of the main section of the first grounding point, dividing the line into five
segments. To locate the fault zones, this paper determines through theoretical analysis that the
refraction coefficient of the sum of sheath currents is positive at the cross-interconnection
point and negative at the direct connection point. The fault zones are then located by compar-
ing the polarity of the first traveling wave monitored at each measurement point. For the weak
traveling wave collected at the first measuring point, this paper proposes an Empirical Wavelet
Transform-Multivariate Robust Singular Value Decomposition (EWT-MRSVD) wave head
polarity and moment calibration method. This method leverages the capacity of EWT to reflect
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the high-frequency transient characteristics of the signal and the singularity detection features
of MRSVD, demonstrating effective detection of weak traveling waves.

Proposal of measurement point layout strategy
Selection of traveling wave fault localization signals

For long lines of high-voltage cable lines, the engineering generally adopts shield cross-inter-
connection, which can effectively reduce the sheath ring current and sheath induced voltage
[16]. More specifically, Typical high-voltage single-core cables include at least six layers: a core
conductor, conductor shielding, primary insulation, insulation shielding, metal sheath, and
outer protective layer. Among these, at least two metal structures, the core conductor and the
metal sheath, should be included. When a power cable is in operation, the current passing
through the core conductor will generate a magnetic field around it. If the conductor that gen-
erates the induced electromotive force is part of a closed electrical circuit, an induced current
will be generated in that circuit. The induced circulating current on the metal sheath can lead
to resistive energy loss, generate Joule heat, and cause the cable temperature to rise; the rise in
cable temperature can in turn lead to a decrease in the current carrying capacity of the core. By
grounding to interrupt the closed path of the conductor that generates the induced electromo-
tive force, the sheath circulating current can be reduced (even reduced to zero), but this may
cause the sheath voltage to rise. Therefore, an appropriate grounding method for the metal
sheath is needed to keep the sheath voltage within a safe range, and to reduce the sheath circu-
lating current in the most cost-effective way possible. The PSCAD simulation results are
shown in Figs 1 and 2.

From Figs 1 and 2, it can be seen that the cable simulation model in this paper uses a cross-
linked structure. The monitored sheath grounding current is about 5 A, and the induced
potential of the sheath is about 20 V. According to the new national standard GB50217-2007,
the maximum normal induced potential of cable lines should not exceed 50 V. The high-volt-
age cable electromagnetic transient model established in PSCAD complies with this
regulation.

For high-voltage transmission cables, there are usually multiple grounding points on the
metal sheath. This is mainly for safety considerations; even if a grounding point fails during
installation or operation, the metal sheath can still be effectively grounded. Considering the
length of the line, the complexity and economy of the grounding method, high-voltage cable
lines have various grounding methods. Among them, cross-link and single-point grounding
are the two most representative grounding methods.

Cross-interconnection is one of the main features of high-voltage cable lines. In order to
reduce the sheath induced current caused by the asymmetry of the three-phase line, high-volt-
age cables with a length exceeding 1200 meters are usually recommended to phase-shift every
400-500 meters to form a cross-bonded structure. This type of line where the metal sheath is
directly grounded at both ends and phase-shifted twice in the middle is known as the cross-
bonded grounding method. A complete cross-interconnection (major section) structure
includes 6 cable terminal joints (three-phase), 6 cable mid-joints, and 9 sections (minor sec-
tions: Al, A2, A3, B1, B2, B3, C1, C2, C3) naturally divided by cable joints. As shown in Fig 3.

For a complete cable cross-interconnection main section, two cross transpositions are nec-
essary. The two ends of the main section are connected to the sheath grounding from the
direct grounding box, while the center of the main section is linked to three cross-interconnec-
tion sub-sections via two cross-interconnection boxes. Fig 3 illustrates the structural diagram
of a complete cable cross-connected main section.
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Fig 1. Induced current in the sheath during normal operation of the cable.

https://doi.org/10.1371/journal.pone.0296513.9001

Owing to impedance discontinuity between the transposition point and the sheath ground-
ing point, a substantial amount of folding reflections occur when the high-frequency traveling
wave passes through. Consequently, the single-end method is not applicable to long line cables
with cross-interconnections grounded at both ends [17]. In this paper, the sum of the three-
phase sheath current is utilized as the signal for online traveling wave fault location in the
cable. The formula is as follows:

L, =L+ +1.= \/g(iml + im4) (1)

In Eq (1): L, is the sum of three-phase sheath currents, henceforth referred to as sheath-
current-sum; I4,Ip,Ic are the sheath currents of phases A, B, and C, respectively; and the decou-
pling of the acquired signals with the engineering extended Clarke matrix [17] yields the mod-
ulus 1 currents and modulus 4 currents, respectively. When a fault occurs in a three-phase
high-voltage cable system, the traveling wave signal collected at the signal measurement point
is a superposition of the internal and external moduli, with current modulus 1 as the dominant
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Fig 2. Induced voltage in the sheath during normal operation of the cable.
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Fig 3. Induced voltage in the sheath during normal operation of the cable.
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Fig 4. The structure of cross interconnection cable.
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energy part of the external modulus and current modulus 4 as the dominant energy part of the
internal modulus [18]. Using the sheath-current-sum as the analysis signal can combine the
advantages of current modulus 1 and current modulus 4, and the refractive properties of this
combined modulus at the impedance mismatch point will be analyzed inthe Refractive charac-
terization of sheath-current-sum section.

Refractive characterization of sheath-current-sum

To investigate the sheath current and the instantaneous polarity generated at the wave imped-
ance mismatch point, a deeper analysis of the matrix of refraction coefficients of the sum of
modulus 1 and modulus 4 at the cross-interconnection point and the sheath grounding point
is required.

We calculate the wave impedance matrices of some 220 kV cables under the cross-intercon-
nection mode (as shown in Fig 4) before and after the D transposition point and the @ trans-
position point. Let’s denote these matrices as Z¢,, Z¢, and Z;, respectively.

These matrices represent the wave impedance at different points along the cable. By study-
ing these matrices, you can understand how the impedance mismatch affects the sheath cur-
rent and the instantaneous polarity. This information can be crucial for accurately locating
faults in high voltage power cables.

In three-phase high-voltage single-core cables equipped with armor layers, the armor layer
of each phase is equivalent to a conductor with the metal shielding layer, making the nine-con-
ductor three-phase high-voltage cable system equivalent to a six-conductor system. Multi-
phase systems have complex coupling phenomena that can interfere with wave propagation
distance measurement. In engineering applications, the Clarke matrix is commonly used to
approximately decouple the three-phase system. The standardized matrix is an orthogonal
matrix that satisfies " = g ™' and |g| = 1, and the matrix is as follows:

1/vV3 1/V6  1/v2
9= |1/V3 —2/V6 0
1/vV3 1/v/6 —1/V2
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To adapt to the three-phase six-conductor cable system, the current phase-mode transfor-
mation matrix Q is defined as shown in the following equation:

0 —q
9 4
Then, the relationship between the phase-domain current and the mode-domain current in
the three-phase cable is as follows:

—_ N1
I,=QIL
In the above formula, I,,, is a vector matrix composed of 6 mode-domain currents; I, is a

vector matrix composed of 6 phase-domain currents; satisfying:

ml? md? *mdr "*mb

L =iy 000 by bt B 3 }T, I, = L Ips I poI g I ) iy tO iy are current mode 1 to current
mode 6, i,,;~i,,3 is the outer mode current component, i,,4~%,,6 is the inner mode current com-
ponent; I,I,1,14,I,Ic are the currents of phase A, B, C cable cores and the three-phase metal
shield currents respectively.

1) At the transposition point @, the modulus domain refractive coefficient matrix a,,,; of the
current traveling wave is obtained by substituting e, = 2Z,(Zo,+Z,) ' and @,,= Q '@,Q
[19]. Where: a; is the refraction coefficient matrix of the current traveling wave in the
phase volume domain and Q is the current phase mode transformation matrix [19].

[ 1.0007 —0.0026 —0.0285 0.0015 —0.0348 0.0432 |
—0.0013 1.5699  0.0061 0.0018  0.5771 0.5885
—0.0129  0.0055 1.5138 —0.0228 0.5975  —0.5680

0.0001 0.0003 —0.0044 0.9998  0.0051 —0.0118
—0.0026 0.0856  0.0981 0.0042  0.4561 —0.0281
0.0031 0.0836 —0.0892 —0.0095 —0.0269 0.4596

ml

In this study, sum of the three-phase sheath currents consisting of current modulus 1 and
current modulus 4 is used as the traveling wave signal for online fault location and distance
measurement, which is satisfied by incident modulus current matrix I,,,, and refractive modu-
lus current matrix I,,,:

I =ol (2)

qm m=om

In Eq (2):

. . . T
{ Iqm - [lqu lqm27 lqmi]’ 1qm47 lqm5’ lqmﬁ]

I, =

m [lvml’ Zam2’ 10m37 lam47 lom57 lom6]

Since the analyzed signal is the combined modulus of current modulus 1 and modulus 4,
after substituting e,,; into Eq (2), it is only necessary to write the equations for iy,,; and igm4:

i = 1.0007i,,,, — 0.0026,,, — 0.0285i,,, + 0.0015i,,,, — 0.0348i,,; + 0.0432i,,,
i na = 0.00014,,,, + 0.0003i,,,, — 0.0044i,,, + 0.9998i,,, + 0.0051i,,; — 0.0118i,,

In matrix @,,,;: the first 3 elements of row 4 of a,,,; are significantly smaller than the ele-
ments in the corresponding positions of the other rows, and it can be seen that i,,,1,ipm2sim3
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hardly penetrate into i,,,4. In igy1+igms the components occupied by io,,; and iop4 are 2 to 3
orders of magnitude higher than the remaining 4 moduli. The following Eq (3) holds:

it + i ma = 1.0008i,,,, +1.0013i,,,, (3)

oml

From the above Eq (3), it can be seen that the sum of the sheath currents has a positive
refraction coefficient at the @ cross-transposition point.

2) At the transposition point @, the derivation of equation is similar to that for transposition
point @. The modulus domain refraction coefficient matrix e,,,, is derived to hold with the
following Eq (4), concluding that sheath-current-sum has a positive refraction coefficient at
the transposition point @.

[ 1.0000  0.0365 —0.0007 —0.0007 0.0438 —0.0016 ]
—0.0076  0.9988  0.3197 —0.0151 —0.0378 —0.6490
0.0002 —0.3655 1.0011  0.0099 —0.6524 0.0360
—-0.0003 -0.0171 0.0115  0.9999 —0.0055 —0.0051
0.0206 —0.0447 —0.7951 0.0158 1.0063  0.4025

—0.0007 —0.7785 0.0445  0.0064 —0.2820 0.9938

it + i 2~ 0.9997i,,,, +0.9992i,,,, (4)

3) For the sheathing grounding point @’, the wave impedance matrix of section |V of the
structure of Fig 4: Zg, = (Z¢y + Z,')"', and according to @, = Zg,Z, and
a,,,= Q 'a,Q, the refraction coefficient matrix of the current modulus domain @y,
refracted into the next section of the line can be obtained at the grounding point @’ [16].
Where: Z, is the ground branch impedance matrix at the metal sheathed ground point.

[ 0.1442  —0.0085 —0.0147 —0.0949 0.0038 —0.0070 |
0.0068  0.9601 —0.3650 0.0021 —0.5483 —0.1711
—0.0098 0.3415 09765  0.0144 —0.1777 0.5217
—1.0694 —-0.0140 —-0.0089 0.8812  0.0207 —0.0111
—-0.0043 —0.1007 -—-0.6045 0.0002  0.1068 —0.3368
0.0261 —0.6070 0.0768 —0.0250 0.3698  0.0831

In matrix @;;,,, the absolute value of the first element in row 4 is significantly larger than
the other values in column 1, from which it is learned that: at the @’ sheath grounding point,
most of the modulus 1 current is refracted into the earth, and there is also more negative exter-
nal modulus i,,; transmitting into internal modulus i,,4, which affects the sheath currents and
refractive characteristics at the @’ grounding point. List the relationship between the incident
current modulus 1 and modulus 4 and the refracted current modulus 1 and modulus 4:

it + s & —0.9252i,,, + 0.7863i,,,, (5)
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From Eq (5), it can be seen that, theoretically, more antipolar modulus 1 components make
up the traveling wave signal, which gives a negative refraction coefficient at the @’ grounding
point.

4) For the @’ sheath grounding point, the derivation of equation is similar to that for the @’
transposition point. Derivation of modulus domain refraction coefficient matrix is consis-
tent with Eq (6), resulting in a negative refraction coefficient at the @’ transposition point.

[ 0.1217  —0.0002 —0.0001 —0.0971 —0.0013 0.0007 |
—0.0004 0.2925 —0.0003 0.0031 —0.1744 0.0096
—0.0002 —-0.0003 0.3368  0.0016  0.0108  0.1864
—-1.0974 0.0174  0.0083  0.8786  0.0026 —0.0017
—-0.0176 —1.1755 0.0661 0.0031 0.7091  —0.0027

0.0099  0.0676 1.1862 —0.0022 —-0.0029 0.6657

i2m

it + i gma & —0.9757i,,, + 0.7815i,,, (6)

Similarly, from Eq (6), it can be seen that in the @’ sheath direct contact point, the current
modulus 4 is transmitted into more negative current modulus 1 component, which makes the
@’ direct contact point have negative refraction characteristics, and affects the direction of the
sudden change of the transient traveling-wave that is refracted into the next main section.

In summary, the sheath current and at the direct grounding point will be penetrated into
the reverse polarity of the modulus 1 current traveling wave, so that the first traveling wave
polarity is flipped when the signal passes through the direct grounding point, this paper makes
use of this feature for the zone localization, and will provide a reference for the strategy of the
measurement point layout in the Mathematical formulation of sheath circulating currents
impact section.

Strategy for the placement of measurement points

When a fault occurs in the cable system, transient voltage and current waves will propagate
from the fault location in two directions towards the terminals connected to the cable. The
basic idea of using the traveling wave method to locate cable faults is to identify the time-
domain signals when one or more fault waves arrive, and locate the fault position based on the
extracted fault information. The traveling wave method can be divided into single-end and
double-end methods. The single-end method only needs to set up one fault location terminal
(FLT), and the location of the fault can be calculated based on the arrival time of the first and
second wavefronts under a certain mode detected by the fault location terminal. For directly
interconnected cables, the traveling wave will only be reflected at the terminal, so the single-
end method is more effective; however, for cross-bonded cables, especially cross-connected
cables with unequal small segment lengths, due to the impedance discontinuity at the cross-
connection point, there are many reflections of the traveling wave during propagation, as
shown in Fig 5. This will make it difficult to detect the second wave under a fixed mode. There-
fore, for the traveling wave fault location of cross-linked cables, the double-end method is
recommended.

The insulation breakdown process of power cables can be divided into at least two types: 1)
Instantaneous breakdown of the main insulation, with almost no local discharge before the
breakdown; 2) Gradual degradation of the main insulation, with slow growth of electrical
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Fig 5. Schematic diagram of the reflection path in a cross-bonding cable structure with waves.

https://doi.org/10.1371/journal.pone.0296513.g005

treeing, and multiple discharges can be observed before a penetrating breakdown discharge
channel forms. For the second type of breakdown process, the first reflected traveling wave
reflected by the fault point may be confused with the 2nd/3rd/4th. . . discharge traveling wave,
causing the single-end traveling wave method to fail.

Based on the above analysis, for the traveling wave fault location of cross-connected cables,
the double-end method is recommended, and one of the keys to implementing the double-end
ranging method is to accurately detect the first wavefront.

The method in this article uses multiple distributed traveling wave location devices installed
on the cable online to capture the distribution pattern of the sheath current traveling wave
along the line, thereby detecting the initial traveling wave for double-end fault ranging. If a dis-
tributed traveling wave location terminal is installed in each direct grounding box and cross-
switching box, this will greatly increase the purchase and installation costs of the device, reduc-
ing its cost-effectiveness. In order to ensure the reliability of fault location while ensuring cost-
effectiveness, it is necessary to visualize the relationship between the initial fault traveling wave
and the fault distance, and reduce the number of distributed fault location terminal
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Fig 6. Attenuation of current traveling wave in cross-bonded cables.
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installations. As shown in Fig 6, the amplitude of the fault current traveling wave decreases
with the increase in the propagation distance of the traveling wave in the cable, satisfying a
monotonically decreasing relationship.

In this study, the double-ended power supply simulation model comprises five cross-inter-
connection main segments, labeled Cablel through Cable5. Each main segment adheres to the
complete two cross transposition structure to minimize the impact of sheath circulating cur-
rent on the cable line. Each main section encompasses three smaller cross-interconnection
sub-sections, each with a cable length of 0.6 km. Therefore, each main section spans 1.8 km
and includes two direct grounding points and two cross transposition points. The numbering
for the direct earthing box (E) and the cross-replacement box (T) for each main section is
depicted in Fig 7.

Due to the existence of strong traveling wave fold reflection phenomenon on the high volt-
age cable line, the mutation amplitude of the 1st mutation point of the current traveling wave

Monitoring Center Engmper
Terminal
Cablel CableR
T1 H T2 H E2 T3 H T4 H E4 [
Cable3 Cabled Cables
: 15 H T6 H E6 7 H T8 H E8 19 H 110 H E10

Fig 7. Diagram of measuring point layout.

https://doi.org/10.1371/journal.pone.0296513.9007
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shows a decreasing trend with the increase of fault distance. In order to quantify the first head
of the fault traveling wave, the first traveling wave attenuation index is defined. Simulation of
the T1-T2 section (0.8 km, from the E1 end) faults occur, the use of E2, T1, E5, E6, E9, T10
within the addition of 6 groups of current sensors to capture the characteristics of the fault
traveling wave, as shown in Fig 8. Where, 1<i<6, there is Eq (7) holds:

L
= |2 ] % 100% (7)

sum—1

In Eq (7): L,m-1 is the amplitude of the sudden change of the current traveling wave arriv-
ing at the 1st measurement point. I,,,,_; is the mutation amplitude generated by the current
traveling wave arriving at the 2nd to the 8th measurement point, respectively, which satisfies
Lym—i<Isum-1. The first traveling wave attenuation index is curve-fitted to the propagation dis-
tance, as shown in Fig 9.

Fig 9 reveals a nonlinear, monotonically increasing relationship between the attenuation
index of the first traveling wave and the propagation distance. Given that the fault traveling
wave will experience further attenuation under high-resistance fault conditions, and to take
advantage of the refraction characteristics outlined in Sections 1.2 and 1.3, this paper main-
tains the attenuation exponent within a 5% limit. This is achieved by placing the measurement
points at intervals equivalent to one cross-interconnection main section. As shown in Fig 7,
traveling wave monitoring devices are installed in the first direct grounding box of each cross-
interconnection main section, specifically within E1, E3, E5, E7, and E9. This arrangement
effectively divides the line into five zones.
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Mathematical formulation of sheath circulating currents impact

The methodology of this study involves locating the fault section under short-circuit condi-
tions, based on the different transient polarities exhibited by the sum of the sheath currents at
each cross-bonding point and direct grounding point. Therefore, it is first necessary to propose
a calculation model for the sheath current based on the fault mechanism, revealing the quanti-
tative relationship of electromagnetic coupling between the core conductor and the metal
sheath under short-circuit faults, and the distribution of the sheath current during normal
operation. Then, the refraction characteristics of the sheath current at the cross-bonding
points and direct grounding points are studied.

Taking the typical cross-connection structure schematic as shown in Fig 3 as an example,
under normal operating conditions, the equivalent model of the sheath of a complete cross-
connected main section is shown in Fig 10. The calculation expression for the sheath current is
shown in Eq (8), where I,,;; represents the sum of the sheath currents of the cross-connected
sections, U, represents the equivalent induced electromotive force in sheath sections Al, B1,
C1, U, represents the equivalent induced electromotive force in sheath sections A2, B2, C2, U,
represents the equivalent induced electromotive force in sheath sections A3, B3, C3, Z,,,,,; rep-
resents the equivalent impedance of sheath sections A1, B1, Cl, Z,,,;,, represents the equivalent
impedance of sheath sections A2, B2, C2, Z,,,.; represents the equivalent impedance of sheath
sections A3, B3, C3, Ry, represents the ground resistance of the No. 1 direct grounding box,
Ry, represents the ground resistance of the No. 2 direct grounding box. U,U, U, includes the
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equivalent induced electromotive force of the adjacent line.

U +U,+U.
+ Zmb2 + ch3 + Rgl + Rg2

L= (8)

mal

Referring to the schematic diagram of the measurement point layout shown in Fig 7, when
a short-circuit fault occurs, the fault current flows from the cable core conductor into the
metal sheath, and then flows to the ground through the metal sheath. A new current loop is
formed between the core and the metal sheath, which includes its own loop inductance and
mutual inductance with other current loops. Taking the main insulation fault of phase A on
the metal sheath section A2 in the 3rd cross-linked main segment (Main segment 3) as an
example, its fault equivalent circuit is shown in Fig 11. In which, U, represents the equivalent
voltage source of phase A line, Uy, represents the induced electromotive force between the
fault point and T5 on the metal sheath section A2, and U, represents the induced electromo-
tive force between the fault point and T6 on the metal sheath section A2. The fault current I
represents the fault current at the source end, and the path of the fault current I starts from
the voltage source U, flows to the fault point through the phase A cable core (including sec-
tions Al and A3), and splits into two fault currents in opposite directions at the fault point,
flowing into the direct grounding points at both ends of the line. The fault current I,

Zc1 Uc1 Ur U 1oz ZB3 U 3
— X e W — V!
L oz =0 I O
-— —1>
[L IL . IR
R I,=1,+I,
Rgl Ua Rg2

Fig 11. Equivalent sheath circuit at a fault distance of 4400 meters.
https://doi.org/10.1371/journal.pone.0296513.9011
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represents the fault current flowing to the E5 end, and Iy represents the fault current flowing
to the E6 end.

The expressions for I and I are shown in Eqgs (9) and (10). Where, U, represents the
induced electromotive force between the direct grounding point E5 and the cross-switching
point T5 in the metal sheath section C1. Uy, represents the induced electromotive force
between the direct grounding point E6 and the cross-switching point T6 in the metal sheath
section B3. 3Z, represents the equivalent reactance between E5 and T5. 3Zp; represents the
equivalent reactance between T6 and E6. Z,,; represents the equivalent reactance between the
fault point on the metal sheath A2 and T5. Z,,z represents the equivalent reactance between
the fault point on the metal sheath A2 and T6.

Ua + 3l]AZL + 3UC1

I = 9
' Zy +R+R,+3Z, ©)

U, + 33U, +3Uy
Y Zyn + R+ Ry + 32y

(10)

As can be inferred from the analysis of the fault mechanism: under normal operation, the
voltage at each point of the cable is roughly equal. When a short-circuit fault occurs, it is
assumed that the voltage at the fault point drops sharply. Therefore, the voltage at the fault
point after the fault can be divided by the superposition principle into a voltage U, under nor-
mal operating conditions and a fault voltage — U, that is equal in magnitude but opposite in
direction. Due to the emergence of this additional power source, the traveling wave is gener-
ated from the fault point and transmitted to the busbars at both ends. The fault current Iis
generated by the voltage source of the equivalent circuit of the fault phase, and I¢is the super-
position of the fault currents I and Iy, and the direction of flow is into the direct grounding
points at both ends of the line. Therefore, when building the simulation model in this paper,
the positive direction of the current of the current transformer is set to be from the line to the
direct grounding point, as shown in Fig 12.

Verification of sheath current and refraction characteristics

To validate the refraction characteristics of the sheath-current-sum at the sheath grounding
point and cross-transition point, as theorized in the Refractive characterization of sheath-cur-
rent-sum section, a main insulation ground fault is assumed to occur in section E1-T1 with a
transition resistance of 300 ohms. Detailed local maps of the sheath-current-sum, collected
from six locations (E2, E3, T3, T4, E4, and E5), are extracted and presented in Fig 13.

Fig 13 reveals that after the initial fault traveling wave refracts into the subsequent cross-
interconnection main section, the negative refraction coefficient characteristic at sheath
grounding point E2 reverses the detected first line wave head mutation direction at E3. The
negative refraction coefficient at grounding point E3 causes the first line wave head mutation
to shift upward in the collected first line wave head at T3. Meanwhile, the positive refraction
coefficient at the crossover point between T3 and T4 keeps the direction of the first line wave
mutation unchanged in the collected first line wave head at T4 and E4. Subsequently, the first
traveling wave mutation aligns with the above analysis and can be localized using the measure-
ment point arrangement strategy proposed in the Strategy for the placement of measurement
points section.

We define the current’s positive direction as flowing from the first power supply towards
the end power supply. Based on the above analysis, the instantaneous polarity of the first trav-
eling wave monitored by the odd-numbered measurement points to the left of the fault point
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Fig 12. The positive direction of current in the current transformer.

https://doi.org/10.1371/journal.pone.0296513.9012

is negative, while the instantaneous polarity of the first traveling wave monitored by the mea-
surement points to the right of the fault point is positive. Using this principle, the fault section
can be accurately localized.

Wave-head detection based on EWT-MRSVD
Principle and algorithm of EWT

Empirical wavelet transform (EWT) is a modal decomposition method based on wavelet trans-
form (WT) and empirical modal decomposition (EMD). This method performs a continuous
segmentation of the signal’s spectrum, then constructs a suitable wavelet filter bank on each
segmented interval to filter the signal, and finally a set of amplitude modulated FM compo-
nents are obtained by signal reconstruction [16].

The decomposition method for the sheath-current-sum based on EWT, i.e., decomposing
and reconstructing the transient traveling wave signal, decomposes the signal f(f) into k+1
functions fi(1):
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Then the sheath-current-sum signals are decomposed by the EWT into the sum of the
intrinsic modes:

The decomposed function fi(t) is defined as an AM-FM signal:
Ji(#) = F(t)cos(fi (1))

By comparing and analyzing the simulation results, the high-frequency components of the
transient traveling wave are concentrated in the modal function 1 (IMF1), and the modal alias-
ing characteristic of the traditional EMD method is improved; this method can also adaptively
extract the different frequency components of the signal to overcome the shortcomings of the
poor adaptivity of the wavelet decomposition.

Multi-resolution singular value decomposition

The ranging accuracy of the traveling wave method depends on the accurate calibration of the
wave head [20]. Multi-Resolution Singular Value Decomposition (MRSVD) is a fault feature
extraction algorithm based on the principle of matrix dichotomous recursive construction,
which utilizes Singular Value Decomposition (SVD) to present the generalized and detailed
features of the signal at different levels in multi-resolution [21].
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The implementation process of MRSVD algorithm is as follows:

1) For a given transient sheath current and traveling wave signals are represented by a Hankel
matrix. For I = [i(1),i(2), - -i(N — 1)],, construct the Hankel matrix as follows:

i(1) i(2) - i(N-1)

2) SVD is used to de-decompose the Hankel matrix A. Row 1 and row 2 of this matrix are
highly correlated and are processed by SVD as a linear superposition of the approximate
signal I; and the detail components, where each layer of the detail components enables sin-
gularity detection of the signal. In general, the detail component of layer 2 is less affected by
external influences [21].

3) Reconstruction of the signal using the principle of bisection recursion. By simply adding A;
and D; using them, the approximate component A;.; of the previous layer can be recon-
structed, and so on, one by one, the reconstruction formula of the original signal Ay can be
obtained as [24]:

]
A= 4+ D, (11)
j=1

In Eq (11), ] is the total number of decomposition layers, A; is the approximate component
of each layer, and D; is the detail component of each layer.

(4) MRSVD layer 1 detail component is generally susceptible to external factors, because of its
zero-phase offset characteristics, this paper selects the layer 2 SVD detail component to real-
ize the calibration of the instantaneous polarity and arrival time of the traveling wave first
wave head.

The criteria of feature detection / extraction MRSVD

A singularity signal refers to a signal that has a sudden change at a certain moment in itself or
in one of its derivatives. If a signal has the saltation point at a certain point or a derivative has a
sudden mutation, the signal is said to have a singularity at this point. The degree of signal sin-
gularity is generally described by the Lipschitz index. To illustrate the standard for MRSVD
feature detection (singularity detection), i.e., to view the arrival time of the first wavefront and
the transient polarity exhibited through the MRSVD detection results, a specific singularity
signal is introduced for illustration. Suppose there is a signal as shown in Eq (12).

2.75 0<t<100
f {3.75 100 < t <€ 200 (12)
) =
3 200 <t <250

—0.5x + 128 250 <t <300

This signal has an upward and downward abrupt change respectively at n = 100 and
n = 200, which are singular points of the signal itself, with a Lipschitz index of & = 0. At point
250, although the signal itself is continuous, its first derivative is not continuous at this point,
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with a Lipschitz index of & = 1, which is a singular point of its first derivative. The results
obtained by discretizing this signal with a sampling period of T, = 1s are shown in Fig 14.

The signal is decomposed into 4 layers using MRSVD, resulting in 4 SVD detail signals, as
shown in Fig 15. It is evident that at the two positions where the signal itself has abrupt
changes, all 4 SVD detail signals generate a zero-crossing point, indicating the location of
abrupt changes in the original signal. At n =250, all 4 details generate an upward abrupt peak,
indicating that the derivative of the original signal has an abrupt change at this location, corre-
sponding to the downward abrupt change of the original signal at point 250. These results
demonstrate that MRSVD can detect the abrupt points in the signal itself and its first
derivative.

The D2 detail component is less affected by interference, so we take the D2 signal as an
example, as shown in Fig 16. First, let’s analyze the accurate singular points of the original sig-
nal after discretization. For the original signal, after discretizing it with, the original signal
abruptly jumps from 2.75 to 3.75 between points 100 and 101; between points 200 and 201, the
original signal abruptly drops from 3.75 to 3; at point 250, the signal takes a turn. Therefore,
more accurately, for the discretized digits, the precise singular points should be at 100.5, 200.5,
and 250.

Next, we analyze the instantaneous polarity exhibited by the original signal after discretiza-
tion. For the original signal, the original signal abruptly jumps upward at point 100, corre-
sponding to the D2 signal abruptly jumping upward from point 100 to 101. Therefore, the
positive or negative amplitude of the D2 component at point 100 represents the instantaneous
polarity of the original signal at point 100, that is, the instantaneous polarity of the original sig-
nal at point 100 is negative. The original signal abruptly drops at point 200, corresponding to
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the D2 signal abruptly dropping from point 200 to 201, therefore, the positive or negative
amplitude of the D2 component at point 200 represents the instantaneous polarity of the origi-
nal signal at point 200, that is, the instantaneous polarity of the original signal at point 200 is
positive. The original signal turns downward at point 250, corresponding to the sharp peak of
the D2 signal abruptly jumping upward at point 250, thus, the instantaneous polarity of the
original signal at point 250 is positive.

To verify the standard of MRSVD singularity detection, take fault 3 (a primary insulation
fault) as an example, which occurs 4400 meters away from the sending end power source. The
results obtained from discretizing this signal with a sampling period and the D2 signal after
MRSVD decomposition are shown in Fig 17. The first traveling wave of the sheath current
reaches the fault location terminal inside E5 at point 1182. The original signal abruptly jumps
upward at point 1182. Correspondingly, the D2 signal abruptly changes from point 1182 to
1184, and the amplitude changes from negative to positive, indicating that the original signal
has a negative instantaneous polarity at point 1182.

To facilitate the observation of the detection effect of MRSVD, a part of the D2 signal is
given. Fig 18 shows the waveform of the D2 detail signal between the 1165th and 1200th
points. It can be seen that the zero-crossing point of the D2 detail component occurs very pre-
cisely in the middle of the 1182nd and 1184th sampling points, that is, at 1183; the 1182nd
point corresponds to the abrupt change point of the original signal, at which time the ampli-
tude of the D2 component is negative, so the instantaneous polarity is marked as negative.

Due to the cable model established in this paper, there is only one outgoing line at the bus-
bar of the sending end power source. Affected by the structure of the cable busbar, the fault
current traveling wave detected at the E1 end measurement point is too weak. The results of
decomposing this weak wave using the EWT-MRSVD method proposed in this paper are
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shown in Fig 19. Upon observation, it can be found that the first wave peak in the original sig-
nal has been submerged in noise, and it is impossible to mark the arrival time and instanta-
neous polarity of the first wave peak at the E1 end monitoring point. After MRSVD
decomposition, the D2 component can mark the first wave peak time at the 1554th point; and
the first peak point in the D2 component corresponds to the phenomenon of the original cur-
rent traveling wave signal abruptly rising at this position. Since the amplitude of the first peak
point is negative, the instantaneous polarity of the initial traveling wave is marked as negative.

In summary, this paper uses MRSVD to perform singularity detection on the sheath current
traveling wave, and based on the second detail component D2 to extract the arrival time and
instantaneous polarity of the current traveling wave at the detection end. The detection stan-
dard is divided into two parts: the calibration standard for instantaneous polarity and the cali-
bration standard for the arrival time of the first wave.

1. Calibration standard for instantaneous polarity

(1) The instantaneous polarity is judged based on the abrupt change direction of the amplitude
of the second SVD detail component. At the zero-crossing point, if the amplitude of the sec-
ond detail component changes from negative to positive, the polarity is marked as negative;
if the amplitude of the second detail component changes from positive to negative, the
polarity is marked as positive.

(2) When there are peak points in the detail components, it is stipulated that: when the ampli-
tude of the peak point is negative, the instantaneous polarity is marked as negative, and
when the amplitude of the peak point is positive, the instantaneous polarity is marked as
positive.
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2. Calibration standard for the arrival time of the first wave

(1) When the D2 detail component generates a zero-crossing point, the exact position where
the signal changes abruptly is the zero-crossing point. The arrival time of the first wave is
equal to the arithmetic average of the moments of the maximum points on the left and right
sides of the zero-crossing point. In practical engineering applications, it is only necessary to
mark the moment of the maximum point on the left side of the zero-crossing point to meet
the accuracy requirements of fault location.

(2) When there are peak points in the detail components, the time corresponding to the peak
point is the arrival time of the first wave.

Fault localization algorithm flow

Upon the occurrence of a fault in the cable, the ranging device installed in the odd-numbered
direct grounding box is triggered and begins data collection. The signal undergoes a 3-layer
Empirical Wavelet Transform (EWT) decomposition, followed by a Multivariate Robust Sin-
gular Value Decomposition (MRSVD) reconstruction of the first modal component for noise
reduction processing. Subsequently, the second Singular Value Decomposition (SVD) compo-
nent is utilized to calibrate the transient polarity generated by the transient traveling wave as it
passes through each measurement point. This allows for the determination of the fault zone
where the fault has occurred.

Following this, the wave speed of the non-fault zone is calculated to correct the wave speed
of the fault zone. The corrected wave speed is then inserted into the double-ended ranging
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formula to localize the fault. The flow chart of the fault localization algorithm designed in this

study is depicted in Fig 20.

Simulation analysis

Discussion of the accuracy of the test system

PSCAD/EMTDC is a professional simulation tool used in power system analysis, primarily for
electromagnetic transient simulation. The software provides two more accurate models for the
electromagnetic transient simulation of cable systems: the Frequency Dependent (phase)
Model and the Bergeron Model. Both models have their own advantages and characteristics.
In this paper, the 220 kV cable transmission system employs the Frequency Dependent

(phase) Model due to its better application.

In power system analysis and simulation, since the phase difference between voltage and
current is not constant, it is necessary to introduce constant transformations to address this
issue, which may complicate the model building and solving process, leading to less accurate
results. However, the phasor model represents all variables in complex form, allowing for a
unified domain to describe the relationship between voltage and current. This simplifies the
computational process and yields very accurate simulation results for both balanced and
unbalanced line configurations. Additionally, it considers all frequency-dependent line param-
eters, making it the most advanced time-domain analysis method available. The cable model
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Frequency Dependent (Phase) Model Options

Travel Time Interpolation:

Curve Fitting Starting Frequency:

Curve Fitting End Frequency:

Total Number of Frequency Increments:
Maximum Order of Fitting for Yc:
Maximum Fitting Error for Yc:

Max. Order per Delay Grp. for Prop. Func.:
Maximum Fitting Error for Prop. Func.:

DC Correction:

Passivity Checking:

On
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1.0E6 [Hz)
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0.2 [%]
20
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Fig 21. The electrical parameter model of PSCAD/EMTDC cable.
https://doi.org/10.1371/journal.pone.0296513.g021

tor PSCAD/EMTDC simulation in this paper is shown in Fig 21 and is laid in a zigzag (positive
triangle) pattern.

Modeling and fault setting

In this study, we use the PSCAD/EMTDC electromagnetic transient simulation software to
construct a double-ended power supply 220 kV three-phase single-core underground cable
system, as depicted in Fig 22. The system’s equivalent reactance at both ends of the cable line is
0.011, and the cable is buried over a length of 9 km. The system is divided into five cross-inter-
connection main sections, each spanning 1.8 km. Each main section further comprises three
smaller cable sections, each 0.6 km long, arranged in a pin-type configuration.

Fig 23 presents a schematic diagram of the line fault setup, where two types of faults are
established: a main insulation fault from the A-phase cable core to the metal sheath, and a sin-
gle-phase grounding of the A-phase.

Fault 1 is set 1.5km away from the sending end and is located in Cablel. Fault 2 is situated
near the connection of the main segment, 2.2km away from the sending end. Fault 3 is located
in the middle of a small cable segment, 4.4km away from the sending end. Fault 4 is established
at the connection of the main segment of the cross-interconnection, 6.6km away from the
sending end power supply. Lastly, Fault 5 is positioned in Cable5, 8.1km away from the send-
ing end power supply.

T. E
Cablel Cable2 Cable3 Cable4 Cable5 | ¢ L
e QO

Fig 22. Diagram of the five main sections of two terminal power supply system.

https://doi.org/10.1371/journal.pone.0296513.9022
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Fig 23. Schematic diagram of line fault setting.
https://doi.org/10.1371/journal.pone.0296513.g023

Given the stringent demands for precision in cable fault location, the signal sampling rate is
set at 20 MHz. The system’s simulation time is set at 0.25 seconds, with the line fault occurring
at 0.145 seconds. A total of 155 time windows, both before and after the fault occurrence, are
extracted for fault location analysis. This ensures that the sampling sequence comprises 3100
data points, providing a robust and comprehensive dataset for the analysis.

Localization results and analysis at fault 3

Taking the occurrence of the A-phase main insulation fault at Fault 3 as an example, the locali-
zation algorithm process is executed as follows:

(1) After a fault is established on Cable3, the traveling wave acquisition devices in each ground-
ing box with odd numbering are activated. These devices capture the signals in the 155 time
windows both before and after the occurrence of the fault, as demonstrated in Fig 24.

S ——F]1
0.06 [P — E3
E5
i —E7
—E9
0
~ 1.4494 1.4506
) —
Traveling wave
collected at the first
E1 measurement
point
5 I . . . .
1.4495 1.45 1.4505 1.451

tus x10°

Fig 24. Current transient traveling wave collected at each measuring point.

https://doi.org/10.1371/journal.pone.0296513.9024

PLOS ONE | https://doi.org/10.1371/journal.pone.0296513  January 5, 2024 26/41


https://doi.org/10.1371/journal.pone.0296513.g023
https://doi.org/10.1371/journal.pone.0296513.g024
https://doi.org/10.1371/journal.pone.0296513

PLOS ONE Design of fault location algorithm based on online distributed travelling wave for HV power cable

E1l E3 ES E7 E9
e p I

| -
-

| I
| I

- I | I |
| I

Fig 25. Initial traveling wave grid diagram when main segment 3 fails.

https://doi.org/10.1371/journal.pone.0296513.g025

Fig 24 shows that due to the influence of the bus structure, the traveling wave signal col-
lected in the E1 grounding box at the start of the fault line is relatively weak, almost appearing
as a straight line. However, the traveling wave signals captured by the measurement points on
either side of the fault point, E5 and E7, are considerably stronger. This demonstrates the sub-
stantial advantages of arranging the measurement points along the line for distance
measurement.

(2) The direction of current is defined as positive from the head power supply towards the end
power supply. Following this designation, the initial traveling wave grid schematic for the
fault is depicted in Fig 25.

The EWT-MRSVD method is utilized to analyze the current traveling wave signals captured
at each measurement point. The polarity generated by the current traveling wave as it passes
through each measurement point is extracted for fault section localization. Since the SVD
layer 1 detail component is highly susceptible to external influences [22], and its singular posi-
tion reflection does not shift with the number of decomposition layers, the layer 2 SVD detail
component is used to calibrate the instantaneous polarity of the first wave head, as depicted in
Fig 26. The instantaneous polarity of the first wave head monitored at each measurement
point is labeled as shown in Table 1.

From Fig 26 and Table 1, we can observe that the transient polarity of the first traveling
wave monitored at the measurement points in the grounding boxes of E1, E3, and E5 is identi-
cal, with a negative polarity. Similarly, the transient polarity of the first traveling wave moni-
tored at the measurement points in the grounding boxes of E7 and E9 is identical, but with a
positive polarity. Based on these observations, it can be deduced that the fault lies in the
Cable3 section between E5 and E7.

3) Fault localization is carried out using double-ended ranging devices positioned at both ends
of the main segment 3 (E5 and E7). To simulate a realistic engineering environment, a
Gaussian noise signal with a mean value of 0 and a variance of 0.3 is generated and added
to the transient traveling wave captured by E5, as shown in Fig 27.

(4) 4-layer multiresolution singularity detection is performed on the MRA1, which is rich in
high-frequency mutation-containing components after EWT decomposition. The
decomposition results of the signals captured by the internal traveling wave acquisition
terminal at E5 are visualized. The detection results of the multiresolution SVD are shown
in Fig 28.
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Fig 26. Identifying polarity of first wave-head generated at measuring points with the 2" SVD.

https://doi.org/10.1371/journal.pone.0296513.g026

From Fig 28, it can be observed that at the first obvious mutation position in the signal

itself, all four SVD details produce a zero crossing point. The position of the mutation point
does not shift with the number of layers of decomposition. This indicates the position in the
signal where the mutation occurs. The positivity and negativity of the first maximal point can
be used to characterize the instantaneous polarity of the first traveling wave.

(5) After determining the fault interval, it is necessary to carry out precise fault localization.
The 2nd SVD component is used to calibrate the arrival moment of the first wave head. As
seen from Fig 29, the first wave head arrives at the E5 and E7 measurement points at
145004.1ps and 145005.15us, respectively.

Using the out-of-area measurement method [23], that is, by using the wave-head time
recorded at the measurement points at both ends of the non-fault section to correct the

Table 1. The polarity of the first wave-head monitored at each measuring point in segment 3.

El E3 E5 E7 E9

Polarity calibration - - - + +

https://doi.org/10.1371/journal.pone.0296513.t001
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Fig 27. Analytical signal with white Gaussian noise.

https://doi.org/10.1371/journal.pone.0296513.g027

traveling wave instantaneous wave speed, the traveling wave instantaneous wave speed is cal-
culated as 196.721m/us. According to the principle of double-ended ranging [24], we get the
fault distance from both ends E5 and E7, we get dE57f = 796.721m, dEH, = 10003.279m. The

relative error is 0.075%.
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Fig 28. Modal 1 component and MRSVD composition.
https://doi.org/10.1371/journal.pone.0296513.9028
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Fig 29. MRSVD detection results of E5 and E7 sides. (A) Detection results of E5 sides. (B) Detection results of E7 sides.
https://doi.org/10.1371/journal.pone.0296513.9029

This demonstrates that the polarity comparison method based on the sum of sheath cur-
rents can locate the faulted section, and EWT-MRSVD can realize the calibration of the first
wave head moment and the initial polarity.

Faulty traveling wave with different transition resistances

In order to verify the wave-head detection method proposed in this paper, the fault traveling
wave components collected by the measurement points at E3 under different fault resistances
are visualized, as shown in Fig 30.

It can be observed that the degree of attenuation of the high-frequency component of the
fault traveling wave increases with the increase in the resistance of the transition resistor. How-
ever, this only affects the sudden change in the amplitude of the fault traveling wave, and the
first wave-head does not disappear. This means that the increase in resistance does not affect
the extraction of the arrival moment of the first fault traveling wave and the polarity of the
wave-head, as described in this paper.

Comparison of accuracy at different fault distances

As shown in Fig 31, the results under each decomposition scale are presented when the tran-
sient traveling wave collected from the E5 side is analyzed using the binary db1 wavelet. The
arrival time of the first wave head at each scale is different, which is indicated by the offset of
the singularity. There will also be a significant transgression at the first or the last end of the
wavelet detail component.

Moreover, the noise reduction capability of this method is lower than that of MRSVD
(Multi-Resolution Singular Value Decomposition), which could affect the accuracy of actual
ranging. This demonstrates the superiority of the MRSVD method in handling noise and
maintaining the fidelity of the wave-head arrival time, crucial for precise fault location.

Taking the head power supply as the reference end, the fault localization results corre-
sponding to different fault distances are presented in Table 2. The simulation shows the
following:
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Fig 30. Fault transient traveling wave collected under different fault resistances.
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Fig 31. Detection results of binary dbl wavelet.
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Table 2. Absolute error of distance measurement at different fault locations and methods.

Fault type Serial number | Distance to Fault /km | Faults position | First polarity detected Methodology of this paper

A-phase isolation edge breakdown Fault 1
Fault 2

Fault 3

Fault 4

Fault 5

Phase A single phase grounding Fault 1
Fault 2

Fault 3

Fault 4

Fault 5

https://doi.org/10.1371/journal.pone.0296513.t002

by measuring points
El | E3 | E5 | E7 | E9 | Calculated Distance /m | Absolute error /m

1.5 Cablel -+ |+ |+ |+ 1496.535 3.465
2.2 Cable2 - =+ |+ | + 2205.979 5.979
4.4 Cable3 - =] =%+ 4396.72 3.28
6.6 Cable4 - -] -1- 6603.261 3.261
8.1 Cable5 - -1 =-1-1- 8094.27 5.73
1.5 Cablel - + 1495.634 4.366
2.2 Cable2 - |+ | + + 2207.842 7.842
4.4 Cable3 - -] - + 4396.72 3.28
6.6 Cable4 - |- =-1]-1+ 6606.242 6.242
8.1 Cable5 - =-1-1-1- 8095.29 4.71

1. For A-phase insulation breakdown and single-phase grounding faults at various locations in
the four main sections from Cablel to Cable4, the instantaneous polarity of the first travel-
ing wave monitored by the measuring points to the right of the fault point is positive. Con-
versely, the instantaneous polarity measured by the measuring points to the left of the fault
point is negative.

2. When the fault is located in the Cable5 section, the instantaneous polarity detected by the
measuring points from E1 to E5 is negative.

3. The comparison of the polarity of the sheath current combined with the singularity detec-
tion method of the Empirical Wavelet Transform—Multi-Resolution Singular Value
Decomposition (EWT-MRSVD) demonstrates excellent localization accuracy. The absolute
error is less than 10 meters.

This confirms the effectiveness of the proposed method in accurately determining the loca-
tion of faults in high voltage power cables.

Algorithm comparison

The fault location technology based on traveling waves has advantages such as being unaf-
fected by transitional resistance, current transformer saturation, system oscillation, and long-
line distributed capacitance, and it has more obvious technical advantages compared to other
fault location methods. The fault location method in this article includes two aspects. On the
one hand, it is aimed at the fault section location of cross-linked cables. On the other hand,
after determining the fault section, the wavefront detection algorithm is used to locate the fault
point. Most online fault location methods are developed for overhead transmission lines and
distribution systems, and there are very few literatures directly related to the fault location of
cross-connected cables. Therefore, when comparing methods, we need to focus on the method
in this article and observe whether the wavefront detection algorithm proposed by other litera-
tures can identify the transient polarity of the initial fault traveling wave and calibrate the
arrival time of the wavefront at the detection end. References [25-27] respectively proposed
the Empirical Mode Decomposition (EMD), Hilbert-Huang Transform (HHT), Variational
Mode Decomposition combined with Hilbert Transform (VMD-HT), and improved HHT
method to calibrate the initial fault wavefront. Similarly, when a main insulation fault occurs
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Fig 32. Comparison results of algorithms. (A) EMD decomposition results. (B) HHT decomposition results. (C) VMD-HT decomposition results. (D)
Decomposition results of Improved HHT.

https:/doi.org/10.1371/journal.pone.0296513.g032

at a distance of 4400 meters from the sending end power source, taking the fault traveling
wave signal collected by the measuring point installed in E5 as an example, the above four algo-
rithms are compared, as shown in Fig 32A-32D.

From Fig 32A, it can be seen that the decomposition result of EMD has the phenomenon of
mode aliasing and cannot accurately calibrate the time when the first wave arrives at the detec-
tion end. In addition, EMD cannot detect the transient polarity of the first wave. From
Fig 32B, it can be observed that although HHT can accurately calibrate the wavefront time of
the initial traveling wave, it also cannot detect the transient polarity of the initial traveling
wave. The method of VMD-HT cannot be applied to the online fault location method of cross-
bonded cables and fails directly. Fig 32D shows that the improved HHT method further
reflects the reflection phenomenon of fault traveling waves in the cross-connected structure,
but it also fails to show the transient polarity of the traveling wave at the impedance disconti-
nuity point. Therefore, these four wavefront detection algorithms cannot perform fault section
positioning.
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Experimental validations

We will verify the methods in this paper from three aspects: the appearance of the cable fault
location device prototype, the cloud-based fault location software, and the verification of the
fault location algorithm proposed in this paper using engineering measurement data.

Cable fault location device

The cable line fault location device needs to collect, store, and automatically upload a large
amount of data from the cable and potential future cable channels. According to the fault cur-
rent and voltage data that need to be collected and the results of theoretical analysis, different
sensors and modules are designed to collect various types of data. The structure of the entire
fault location device includes a power module, filter module, wireless communication module,
data collection and storage module, handheld smart patrol mobile terminal, and human-com-
puter interaction function module. The specific appearance of the fault location device is
shown in Fig 33.

Cloud-based fault location software

The fault location device installed on-site mainly realizes the functions of collecting and tem-
porarily storing sheath current data, while the fault location software installed on the cloud
server realizes major functions such as data management, data analysis, and fault location.
Therefore, there are no special requirements for software architecture and system environ-
ment. The cloud-based fault location software has basic data management, data detection, and
fault location functions. The fault location function is the core function of the software, which
can incorporate the fault location algorithm mentioned earlier. The main interface of the fault
location system is shown in Fig 34. The left sidebar contains subsystem buttons, including
alarm information, project management, device information, line information, fault monitor-
ing, historical data, and user management center. In the fault monitoring subsystem, you can

Fig 33. Appearance of the cable fault location device.
https://doi.org/10.1371/journal.pone.0296513.g033
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Fig 34. Main interface of the fault location system.
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view the cable sheath current waveforms collected by the wave-triggered devices. When a fault
occurs, the system will give an alarm of fault location as shown in Fig 35, providing the tran-
sient polarity of the wave for fault section location.

Field case verification

A phase A primary insulation fault occurred in the 220 kV high-voltage cable line No. 2 of a
power grid in Suzhou, China. The total length of the line is 20 km. The dispatch log shows that
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Fig 35. Schematic diagram of the monitored sheath current raw data.

https://doi.org/10.1371/journal.pone.0296513.9035
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Fig 36. Field measured waveform.
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the distance measurement results of the traveling wave distance measuring devices at both
ends of the fault were 14 km and 6 km respectively. The real-time current waveform collected
by the monitoring device closest to the fault point is shown in Fig 36. It can be seen that the
measured waveform is mixed with a lot of noise and complex coupling. After denoising and
mode decoupling of this current waveform, the EWT-MRSVD-based traveling wave detection
algorithm is used to extract the arrival time and polarity of the first wave. The detection result
is shown in Fig 37. The detection results show that the algorithm proposed in this paper can
accurately calibrate the wavefront time and abrupt polarity, and determine the fault section.

Cost analysis for HFCTs installation in the proposed method

Types of high-frequency current transformers: In our research, we mainly considered toroidal
sensors, core-type sensors, and optical fiber sensors. These sensors each have different working
principles and applicable scenarios. Based on their high precision and reliability, we chose the
iHFCT-54 model transformer developed by Xi’an INNOVIT Electrical Co., Ltd. for our
research. In addition,. Customization of this conduct is supported. As mentioned earlier, the
fault location method proposed in this paper includes a total of 5 sets of current sensors. The
high-frequency current transformers used for fault traveling wave signal collection are shown
in Fig 38. These sensors are all installed at the metal shield grounding location in the first direct
grounding box of each cross-connected main section of the cable line.

Market price analysis: According to market research and actual procurement, we found
that the price range of high-frequency current transformers is between 800 yuan and 4000
yuan. These prices are influenced by factors such as sensor brand, accuracy requirements,
installation complexity, and required additional equipment.
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Fig 37. EWT-MRSVD detection results.
https://doi.org/10.1371/journal.pone.0296513.9037

Usage scenarios and case analysis: We conducted a comprehensive analysis of past research
and actual cases and found that high-frequency current sensors play a key role in fault detec-
tion and location in power systems. Especially in the field of distributed traveling wave fault
location, its high precision and rapid responsiveness have been widely recognized.

Cost-benefit analysis: Although the installation of high-frequency current transformers will
increase the initial investment cost, we found in our research that their accuracy and efficiency
improve the precision of fault location, thereby reducing subsequent maintenance and repair

Fig 38. Appearance of the high-frequency current transformer.

https://doi.org/10.1371/journal.pone.0296513.9038
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costs. We analyzed this cost-benefit relationship in detail in the paper and pointed out its
important contribution to the reliability and safety of power systems.

In our research, we conducted an in-depth analysis of the costs involved in the installation
of High Frequency Current Transformers (HFCT) and the benefits they bring. Despite the
possibility of higher initial investment, we found that the cost-effectiveness of this investment
is significant. Firstly, the installation of HFCT can greatly enhance the accuracy and speed of
fault location, thereby reducing the time for troubleshooting and minimizing the losses caused
by power outages. Secondly, this technology can help prevent the escalation of system faults
and the additional costs brought by upgraded maintenance. Most importantly, the use of
HFCT can improve the stability and reliability of the entire power system, thereby reducing
long-term maintenance and repair costs. Taking into account the above factors, we firmly
believe that the cost of installing HFCT is far lower than the long-term benefits it brings,
which will have a positive impact on the operation and sustainable development of the power
system.

Technical Trends and Developments: In our research, we also focused on the latest trends
and developments in the technology of high-frequency current transformers. We noticed that
the application of new materials, intelligent design, and advanced data processing methods are
driving continuous development in this field, which also provides more in-depth exploration
directions for our research. More specifically, some exciting new technologies are currently
emerging in the field of High Frequency Current Transformers (HFCT), which are expected
to drive the development of the industry. Here are some of the latest trends and directions:

Application of digital technologies: In recent years, digital technologies have been widely
applied in the field of HFCT. For instance, some new transformers are equipped with high-
precision digital signal processors that can directly output digitized current data, thereby
improving the efficiency of data collection and processing.

Smart sensor design: In response to the needs of modern power systems, some new HECT's
have begun to adopt smart sensor designs. These have adaptive capabilities and automatic cali-
bration functions, and can monitor current changes in real time and perform intelligent analy-
sis, enhancing the stability and safety of the system.

Application of fiber optic sensing technology: The use of fiber optic sensing technology in
the field of HFCT is becoming increasingly widespread. Fiber optic sensors, characterized by
high sensitivity and strong resistance to electromagnetic interference, can achieve high-preci-
sion detection of current and can operate stably in complex environments for a long time.

Miniaturization and integrated design: To adapt to the compact trend of power system
equipment, some new HFCT's have begun to evolve towards miniaturization and integrated
design, making installation more convenient and adaptable to a wider range of application
scenarios.

Integration of the internet and cloud computing technologies: Some new HFCT's have
begun to integrate internet and cloud computing technologies, realizing remote monitoring
and management of data. This technological integration provides more intelligent and conve-
nient solutions for the operation of power systems.

With the continuous development and application of these new technologies, the perfor-
mance and functions of HFCT's will be further enhanced, providing more reliable guarantees
for the safe and stable operation of power systems.

Conclusions and outlook

(1) In this paper, taking into account the different refraction characteristics of the direct
grounding point and the cross-change point in the main section of the cross-
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interconnection, and combining with the attenuation characteristics of the fault current
traveling wave on the cable line, the detection device is arranged only in the 1st grounding
point of each main section of the cross-interconnection, so as to deal with the line in sub-
sections and improve the ranging accuracy.

(2) The paper proposes the wave-head detection algorithm of EWT-MRSVD to extract the
instantaneous polarity of the traveling wave detected at each measurement point after the
occurrence of a fault, and to determine the segment where the fault is located.

(3) The method of this paper is still applicable to directly buried, zigzag-laid cables, cable sys-
tems with different busbar structures, and the localization method of determining the
faulted section by comparing the instantaneous polarity of traveling waves is highly reliable.
Due to the limited space, it is not elaborated in detail.

According to the simulation analysis and experimental verification results, the online distrib-
uted traveling wave fault localization method proposed in this paper has high feasibility. The
method can ensure the reliability and accuracy of ranging results. Nevertheless, there are still
some issues that need further study and resolution during the research process.

First, the calibration method of traveling wave head polarity and arrival moment based on
distributed gauging and EWT-MRSVD can reduce the influence of traveling wave dispersion
on fault ranging. However, the influence of traveling wave dispersion and the corresponding
ranging error compensation method need to be thoroughly studied.

Secondly, this paper has not studied whether the type of bus outlets at both ends of the fault
line affects the detection performance of the first measurement point. Our team will conduct
additional research in future dissertation.

Finally, we need to further improve our understanding of the propagation law of the fault
traveling wave on the cable sheath and study the interaction between neighboring line sheath
currents under short-circuit faults. This requires the establishment of a three-dimensional sim-
ulation model of a multi-circuit single-core cable. Our team will carry out related research in
subsequent dissertation.

Supporting information
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S1 File. Processing results using EWT-MRSVD at 4400 meters fault.
(XLSX)
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